Mechanism-based inhibitors and both forward and reverse genetics have proved to be essential tools in revealing roles for specific enzymatic processes in cellular function. Here, we review experimental studies aimed at assessing the impact of OG (2-oxoglutarate) oxidative decarboxylation on basic cellular activities in a number of biological systems. After summarizing the catalytic and regulatory properties of the OGDHC (OG dehydrogenase complex), we describe the evidence that has been accrued on its cellular role. We demonstrate an essential role of this enzyme in metabolic control in a wide range of organisms. Targeting this enzyme in different cells and tissues, mainly by its specific inhibitors, effects changes in a number of basic functions, such as mitochondrial potential, tissue respiration, ROS (reactive oxygen species) production, nitrogen metabolism, glutamate signalling and survival, supporting the notion that the evolutionary conserved reaction of OG degradation is required for metabolic adaptation. In particular, regulation of OGDHC under stress conditions may be essential to overcome glutamate excitotoxicity in neurons or affect the wound response in plants. Thus, apart from its role in producing energy, the flux through OGDHC significantly affects nitrogen assimilation and amino acid metabolism, whereas the side reactions of OGDHC, such as ROS production and the carboligase reaction, have biological functions in signalling and glyoxylate utilization. Our current view on the role of OGDHC reaction in various processes within complex biological systems allows us a far greater fundamental understanding of metabolic regulation and also opens up new opportunities for us to address both biotechnological and medical challenges.
INTRODUCTION
A current challenge in systems biology is to understand living systems to an extent which would allow us to control and/or change metabolism in a cell, tissue and organism according to our own design [1] [2] [3] . Theoretical and experimental studies performed to date indicate that the impact of particular metabolic reactions on general metabolic activity is far from equal. For example, Metabolic Control Analysis studies have indicated that, whereas pathway control is generally shared between several enzymes, the distribution of this control is not equivalent across the pathway and may vary depending on the conditions [4] [5] [6] . Other studies have revealed that only a limited amount of metabolic genes are essential for early embryonic development in zebrafish (Danio rerio) [7] . Furthermore, within central metabolic networks there are enzymatic processes whose perturbation greatly affects general performance, and those in which changes are easily accommodated without an obvious effect on basic functions. This is in accordance with results from a study of the global organization of metabolic fluxes in Escherichia coli in revealing that general metabolic activities are dominated by a limited number of reactions, which belong to a so-called 'high-flux backbone' of metabolism [8] . It is therefore especially interesting to be able to specifically manipulate the fluxes through these reactions in vivo in order to exert metabolic control.
A number of studies have pointed to an essential role of OGDHC (2-oxoglutarate dehydrogenase complex) in overall metabolic activity. Oxidative decarboxylation of OG (2-oxoglutarate) performed by the complex belongs to the 'highflux backbone' of metabolism [8] , and the genes for the complex components were shown to be essential for the early embryonic development in animals [7, 9] . A crucial role of the OGDHC reaction is in keeping with the rare incidence in humans of the mutations of the OGDHC components. Even a partial impairment of the mutated OGDHC in humans results in neurological symptoms and early death [10] [11] [12] [13] . On the other hand, age-related neurodegenerative diseases are also associated with a decrease in the OGDHC activity [14, 15] . Thus the metabolic branch point of OG, which is either irreversibly degraded by OGDHC or provides carbon skeletons for nitrogen assimilation, is clearly of systemic importance. This is further supported by the rich regulation of OGDHC including allosteric responses to second messengers and metabolic indicators, such as Ca 2+ , ATP/ADP, SH/-S-S (thiol/disulfide), NADH/NAD + , acyl-CoA/CoA [16] 
. These mechanisms include protein mediators, such as G-protein-coupled receptors involved in stimulating inositol phosphate synthesis [17] or the hypoxia-inducible factor prolyl hydroxylase [18, 19] . Cellular sensing of the OG/glutamate ratio is, furthermore, at least in non-photosynthetic species, involved in retrograde signalling of mitochondria to the nucleus, leading to adaptations upon mitochondrial impairment [20] . OG also signals deficits in nitrogen [21] [22] [23] [24] on binding to either the transcription factor NtcA in cyanobacteria [22] or the phosphorylatable PII protein (glnB gene product) found in bacteria and plants [23, 24] . Finally, OG acts as a repressor of the catabolite-sensitive genes in E. coli, partially through a decrease of cAMP synthesis [25] . The ensuing importance of the irreversible degradation of OG catalysed by OGDHC for general metabolic activity thus renders this multienzyme complex a promising target for metabolic regulation in a wide range of organisms. In the present review the enzymological properties of the complex are briefly summarized in order to show its catalytic and regulatory capacities for cellular disposal. Our main goal is to review recent data on the metabolic consequences of the OGDHC regulation in a diverse range of biological systems, such as cells, tissues and intact organisms.
CATALYTIC AND REGULATORY PROPERTIES OF OGDHC
OGDHC is a multienzyme system comprising the three catalytic components: OGDH (2-oxoglutarate dehydrogenase) (E1o, EC (1)- (5) in Scheme 1, resulting in OG oxidative decarboxylation according to the overall reaction (6), with R corresponding to HOOC-CH 2 CH 2 -.
The E1o component, which catalyses the initial, substratespecific and irreversible stage of the overall reaction, has the lowest catalytic activity ('turnover number') among the components and as such limits the rate of the overall process (reaction 6) [26] . Within the E1o-catalysed process, reaction (2) has been demonstrated to be the slowest one [27, 28] . The 'ratelimiting' role of E1o is obviously responsible for the fact that it is this component which is affected by the majority of the regulators of the overall process [16] and whose expression is often increased in response to the OGDHC impairments (see the section 'Genetic and proteomic evidence of the contribution of OGDHC to cellular networks' below).
OGDHC also catalyses several side reactions of potential biological significance [29] [30] [31] . These are the ROS (reactive oxygen species)-producing activity of OGDHC, which was shown to contribute to ROS generated by neurons in response to glutamate [32] , and the carboligase reaction, which is supposed to participate in glyoxylate scavenging [33] . When the ratio of the OGDHC substrates and/or products promotes excessive formation of the dihydrolipate intermediate, OGDHC catalyses oxidation of the latter by molecular oxygen with the formation of the superoxide anion radical and thiyl radical of the complex-bound lipoate [29] . Figure 2 compares intensities of the superoxideanion-radical production catalysed by OGDHC under different conditions as analysed by EPR detection of the adduct of the α-phenyl-N-t-butyl-nitron-trapped superoxide anion radical [29] . The reaction depends on the catalyst (OGDHC) concentration (Figure 2a) , occurring either upon reduction of the complexbound lipoate (Figures 2b and 2d ) or in the presence of external dihydrolipoate (Figure 2c ). The complex-bound lipoate is reduced in the direct reactions (1)-(3) (Figure 2b ) or reversed reactions (5) and (4) (Figure 2d ). The reaction kinetics presented in Figure 2 The EPR signals from the α-phenyl-N-t-butyl-nitron adducts with ROS produced in the medium with OGDHC and its substrates was detected as described in [29] . If not specified, 4 mg/ml enzyme and 4 mM substrate were used. (A) Enzyme: 1, 1 mg/ml; ᭹ 2, 2 mg/ml; and 3, 4 mg/ml. are complex, owing to secondary processes, with the primary signal sensitive to superoxide dismutase [29] . Remarkably, the relative intensity of the adduct formation when the OGDHC is saturated with either OG and CoA (Figure 2b ) or NADH ( Figure 2c ) indicates that ROS are more efficiently produced in the physiological direction of the reaction (Figure 2b ) than upon oxidation of the product, NADH (Figure 2d ). OGDHCdependent production of ROS following supply of dihydrolipoate (Figure 2c ), which is a substrate of both E2o and E3 components, provides a good explanation for the known pro-oxidant action of this dithiol, which is usually considered and employed as an antioxidant [34] . Importantly, the second product of the oneelectron reduction of oxygen, the thyil radical of the complexbound lipoate, inactivates E1o in the presence of OG, providing an expensive yet efficient regulation of OGDHC-dependent ROS production from OG [29, 35] . The multienzyme structure of OGDHC is essential for regulation of both the physiological (reaction 6) and side reactions. With the 24 copies of E2o forming the OGDHC core, to which multiple copies of the peripheral E1o and E3 components are attached [36] , OGDHC may be considered as a cellular microcompartment of lipoic acid. In this microcompartment not only is the overall reaction greatly accelerated and regulated [37] , but also a number of side reactions of the multistep catalysis may be strictly controlled [15, 35] . In particular, stability of the thiyl radical, afforded by the interactions of the lipoyl residues, facilitates efficient regulation of the ROS-producing activity of OGDHC according to the above-mentioned E1o inactivation [29] , allowing OGDHC to respond to an integral signal of cellular metabolic state coded for by the ratio of its substrates and products [35] . Moreover, the thiyl-radical-dependent regulation also provides for the interplay between OGDHC and the thioredoxin system [35] . As a thiyl-radical scavenger [38] , thioredoxin prevents E1o inactivation, facilitating the production of The EPR signal was detected as described in [29] . 1, Control without thioredoxin; 2, in the presence of 2 mg/ml thioredoxin of E. coli.
succinyl-CoA under conditions in which the complex would normally be inactivated, i.e. at a low NAD + or when the NADH/NAD + ratio is high [39] . The biological significance of this regulation is supported by the independent observations that a most efficient regulation of mitochondrial OGDHC is provided by cognate mitochondrial thioredoxin [40] , and the E2o component binds thioredoxin in high-throughput assays [41, 42] . However, in protecting E1o from the inactivation by thiyl radicals, thioredoxin increases production of ROS by OGDHC (Figure 3 ). This fact may underlie an interesting observation that mammalian cells overexpressing mitochondrial (but not cytoplasmic) thioredoxin are characterized by an increased level of mitochondrial ROS [43] .
Scheme 2 Carboligase reaction catalysed by E1
The carboligase reaction of OGDHC, catalysed by the ThDPdependent E1o [30, 31] , is similar to reactions catalysed by non-oxidative thiamine enzymes, such as transketolase and acetolactate synthase. After OG decarboxylation according to reaction (1), the ThDP-bound intermediate is neither oxidized nor hydrolysed, but rather transferred to an acceptor substrate possessing a >C=O group. The process is described by reaction (7) (Scheme 2).
The efficiency of the reaction with glyoxylate (R*=-COOH) is obviously due to additional activation of the carbonyl carbon atom by the neighbouring carboxyl group. The biological significance of this process is confirmed by glyoxylate accumulation in tissues in which OGDHC is inhibited [33, 44] .
Since the regulatory mechanisms of the control of OGDHC by its multiple cofactors and substrates are considered in detail in another recent review [16] , here we will only summarize them briefly. Regulation of the dimeric components E1o and E3 by their substrates and effectors include co-operative interactions of the active sites [45] [46] [47] [48] [49] . Besides, product inhibition of all the component enzymes is known, and allosteric regulation of E1o by the product of E3, NADH, has been demonstrated [49] [50] [51] [52] [53] . It should be also borne in mind that the multiple substrates and products of OGDHC (reaction 6), as well as the allosteric effectors not directly involved in reaction (6), such as adenine nucleotides and Ca 2+ , exert their regulatory influence in a highly interactive manner, which makes the kinetic consequences of the regulation greatly dependent on conditions. Nevertheless, the product inhibition by NADH and succinyl-CoA, characterized in vitro, was shown to govern the OG oxidation in isolated mitochondria [50] . Most importantly, the multienzyme structure of OGDHC enables a concerted response from the component enzymes to regulate the physiological reaction according to a number of general indicators of cellular metabolism. As mentioned above, the microcompartment of the OGDHC-bound lipoate provides for regulatory interactions of the complex with cellular SH/-S-S-compounds and thioredoxin [35, 39] . Increased ratios of NADH/NAD + and succinyl-CoA/CoA inhibit the OGDHCcatalysed process, whereas, in animal complexes, Ca 2+ and ADP allosterically activate E1o at subsaturating concentrations of OG by increasing the E1o affinity to this substrate [45, 47, [52] [53] [54] . In plants, however, OGDHC responds to AMP instead of ADP [55, 56] . Unexpectedly, an allosteric AMP-binding site has been found in the crystal structure of bacterial E1o [57] , although regulation of bacterial OGDHC by adenine nucleotides has not been reported. Neither was the calcium regulation of insect, plant or bacterial OGDHCs revealed, suggesting that this regulatory mechanism can distinguish vertebrate species [54] .
DEVELOPING INHIBITORS OF OGDHC FOR IN VIVO STUDIES
Specific mechanism-based inhibitors with the phosphonate group substituting for the leaving carboxy group of OG In 1977 and 1979, Kluger and Pike showed that the phosphono analogues of pyruvate, acetyl phosphonate and its methyl ester form transition-state analogue complexes with pyruvate dehydrogenase, causing efficient, but reversible, inhibition of the isolated enzyme [58, 59] . Further studies of different thiamindependent enzymes transforming pyruvate, however, revealed that, in spite of the similarities of catalytic mechanisms, the efficiency of their inhibition by the phosphonate analogues of pyruvate is strongly variable [60] . Analysis of the phosphonate interaction with the enzymes pointed to the formation of the tight complexes, some of which have subsequently been crystallized [61, 62] , suggesting that these were strongly dependent on specific catalytic events. Bunik et al. [63] were the first to demonstrate potent inhibition of the animal OGDH component of OGDHC by the phosphonate analogue of OG, SP (succinyl phosphonate) (Figure 4 ), synthesized as described by Khomutov et al. [64] . Further studies indicated that the inhibition of the OGDH by this analogue, as well as some of its esters, was also extremely efficient within the native structure of the integral OGDHC from bacterial, plant and animal sources [63, [65] [66] [67] [68] . Three features of the mechanism of the OGDHC inhibition by the phosphonates established in these studies are worth mentioning regarding the efficiency and specificity of the action of these analogues in vivo. First, the phosphonates efficiently compete with OG at the active site of the OGDH component, with significant inhibition of brain OGDHC achieved at low (10 −5 M) concentrations of the phosphonates under high saturation of the enzyme with OG (10 −3 M). Given that, in vivo, OG concentrations range from 10 −3 to 10 −4 M [69, 70] , these data suggest a high inhibitory potential of the phosphonates for cellular studies. Secondly, the inhibition by the phosphonates occurs according to the slow tight-binding mechanism. That is, maximal inhibition requires a pre-incubation of the enzyme with the inhibitors. This is indicative of a kinetically slow conformational transition of the enzyme-inhibitor complex -a general property of the ternary complexes of the 2-oxo acid dehydrogenases with the coenzyme ThDP and phosphonate analogues of their respective substrates [58, 59, 63, 68, 71] . In these complexes the phosphonate analogues are bound much more strongly than in other enzymes, owing to formation of the transition-state analogues at the active sites. Unlike ordinary competitive inhibitors, transition-state analogues are known to not only bind much more tightly, but also to be formed much more specifically, which makes them especially attractive for targeting specific enzymes in cellular studies. Indeed, SP and its esters do not significantly interact with a number of other enzymes transforming OG and its structural analogues [66, 67] . They are neither inhibitors [66, 67] , nor substrates of these enzymes, with the exception of a slow transamination of SP by transaminases [65, 66] . The third general feature of the OGDHC inhibition by the phosphonate analogues of OG is that esterification of the phosphonate group of SP, both methylation [63, 65] and ethylation [66, 67, 68, 71] , significantly decreases efficiency of the inhibition of both the OGDH component and full complex. This was observed for the enzymes from brain [68, 71] , muscle [63] , E. coli [65] and a plant [67] . Preservation of the different efficiencies of the two analogues in their in vivo action may provide additional support for the OGDHC dependence of the in vivo effects of the phosphonates [71] . Remarkably, the degree of selectivity to SP and its monoethylated derivative was sourcespecific, reflecting certain structural differences in the speciesand/or tissue-specific active sites, which potentially facilitates the species-specific drug design. In contrast with OGDH, pyruvate dehydrogenase reacts more readily with the methyl ester of the phosphonate analogue of pyruvate [58, 59] . Therefore the mechanism of the inhibition of the 2-oxo acid dehydrogenases by the phosphonate analogues of their respective substrates provides for the high selectivity of the interaction, even within the same class of the ThDP-dependent enzymes. That is, phosphonate analogues of pyruvate do not affect OGDH, whereas phosphonate analogues of OG do not affect pyruvate dehydrogenase.
In line with their highly specific action on enzymes, the phosphono analogues of OG were shown to not significantly interfere with OG transport. OG (5 μM) uptake by proteoliposomes reconstituted with a mammalian peroxisomal OG transporter [72] was not inhibited by 1 mM SP, PESP (phosphonoethyl succinyl phosphonate) or DESP (diethyl succinyl phosphonate) (R.J. Wanders and W.F. Visser, personal communication). Mitochondrial transport was tested in proteoliposomes reconstituted with a recombinant bovine mitochondrial OG transporter (K m OG = 0.3 mM) as in [73] . The entry of external OG into proteoliposomes (i.e. transportercatalysed OG exchange) was inhibited in the presence of 10 mM SP or PESP at 0.1 mM external OG (K m OG /3) by 18 and 24 % respectively. Increasing the external OG concentration to 3 mM decreased the inhibition to 7 or 14 % respectively, in agreement with the competitive inhibition expected. When the proteoliposomes were loaded in the presence of 10 mM OG, SP or PESP, and the entry of external OG (3 mM) into them was monitored over a period of 60 min, the SP-and PESPloaded liposomes provided for only 2 and 3.7 % of OG entrance compared with the control value with the OG-loaded liposomes (F. Palmieri, personal communication). Thus the inhibition of the mitochondrial OG transporter by the phosphonate analogues of OG was insignificant, even at a 100-fold excess of the analogues on a 3-fold-less-than-K m OG concentration of OG (0.1 mM). That said, even a minor entry of OG in exchange with (PE)SP indicates an ability of the mitochondrial OG transporter to bring the phosphonates into mitochondria, although this process may also be dependent on the operation of additional transporters. It is also worth noting that, in both assays of OG transporter, PESP was more efficient than SP. In contrast, OGDHC is preferentially inhibited by SP [63, [65] [66] [67] [68] 71] . This shows how comparison of the phosphonates with different selectivity to different target proteins may provide additional evidence for their targets in vivo. A higher in vivo effect of SP compared with PESP upon the glutamate neurotoxicity coincided with the OGDHC selectivity [71] , which does not support the in vivo action of the phosphonates through the OG transporter. Thus an inhibition mechanism as well as direct tests on enzymes and OG transporters provide strong evidence for the specificity of the inhibitors in vivo. Although these experiments cannot formally exclude other potential targets, comparison of different OGDHC inhibitors and independent studies discussed below further support the specific action of the phosphonate analogues of OG on OGDHC in vivo.
It should be borne in mind that the complete or partial esterification of the three negative charges of SP may increase the membrane permeability of the phosphonate analogues of OG. Inside a cell, these esterified derivatives are eventually transformed to SP by intracellular esterases, which is why the di-and tri-ethyl esters of SP, which do not inhibit OGDHC in vitro, cause inhibition of OGDHC in cells comparable with that caused by SP [32, 66] . Thus the cellular application of the SP esters may be justified in cases when the membrane permeability of SP is supposed to be compromised. However, the SP effects observed in the non-permeabilized plant tissues [67] and neurons [32] provide evidence for its transport into native cells and mitochondria.
Thiamine antagonists as in vivo inhibitors of OGDHC
Catalytically inactive structural analogues of the OGDHC coenzyme ThDP ( Figure 5 ) may also be used to decrease activity of the enzyme in vivo. Although such analogues should affect all thiamine-dependent enzymes, OGDHC was observed to be the physiologically relevant target both following pyrithiamine treatment [14, [74] [75] [76] and when a single high dose of oxythiamine was injected [77] . By contrast, when the inhibition by the thiamine antagonists was studied in vitro using isolated thiamine-dependent enzymes of central metabolism, OGDHC was inhibited only by concentrations of the thiamine analogues that were three orders of magnitude higher than those affecting transketolase and pyruvate dehydrogenase [78] . This apparent discrepancy is resolved when taking into account different reactivities to the coenzyme analogues of the free (apo) and ThDP-bound (holo) enzymes. Unlike pyruvate dehydrogenase and transketolase, OGDHC isolated from normal animal tissues is a holoenzyme. That is, isolated animal OGDHC contains tightly bound ThDP and does not require the coenzyme addition to the activity assay medium, whereas pyruvate dehydrogenase and transketolase do [78] [79] [80] . Hence, in vitro, this tightly bound ThDP at the active site of OGDHC obviously interferes with binding the ThDP analogue, which may, however, easily bind to the apoforms of pyruvate dehydrogenase and transketolase. In contrast, upon the thiamine deficiency in vivo the ThDP pool is exhausted, leading to a predominance of coenzyme-free (apo) forms of all thiamine enzymes. The preferential inhibition of apoform of OGDHC by the thiamine antagonists in vivo may therefore be due to the higher affinity of animal OGDHC for the coenzyme, potentially increasing the binding of catalytically inactive analogue as well.
The most widely used and best characterized approach to study thiamine deficiency employs pyrithiamine ( Figure 5 ), which inhibits thiamine pyrophosphokinase, thus preventing thiamine phosphorylation [81] . As a consequence of this inhibition, pyrithiamine exhausts the pool of the coenzyme form of thiamine, ThDP. However, the compound was recently shown to act not only as an inhibitor, but also as a substrate for thiamine pyrophosphokinase, suggesting that production of the diphosphorylated form of pyrithiamine may occur in vivo [81] . The stronger binding of this analogue by the apoenzyme of E1o compared with other thiamine enzymes may explain the preferential targeting of OGDHC in the pyrithiamine model of thiamine deficiency, although the exact mechanisms underlying this specificity remain unresolved. Most importantly, the OGDHC activity levels and their responses to the treatment correlated with observed metabolic and behavioural changes, which established OGDHC as a physiologically relevant target of the pyrithiamine treatment in animals [75, 76, 82] . Hence a significant number of independent animal studies with pyrithiamine indicate that the results obtained with this inhibitor may be used for unravelling the physiological role of the OGDHC-catalysed process. Yet generally the thiamine analogues may target all the thiamine-dependent enzymes, with their specific target(s) under physiological conditions dependent on both the enzyme affinities for ThDP and analogues and saturation of the enzymes with endogenous ThDP. In this regard, the inhibition by the phosphonate analogues of 2-oxo acids is a much more direct and specific means to target the thiamine-dependent dehydrogenases in vivo.
OGDHC-DEPENDENT CONTROL OF MITOCHONDRIAL FUNCTIONS AND CELLULAR HOMOEOSTASIS IN ANIMALS

Respiration and mitochondrial potential
It has long been known that basic metabolic functions such as oxygen consumption correlate with the OGDHC activity per gram fresh weight in hearts under maximal physiological work load [83] . A strong correlation between the OGDHC activity and oxygen consumption was also observed upon OGDHC inhibition by arsenite in mitochondria isolated from cultured rat adrenal-medulla pheochromocytoma PC12 cells with elevated monoamine oxidase B [84] . Furthermore, brain mitochondria isolated from pyrithiamine-treated rats with inhibited OGDHC showed significantly depressed respiration on OG, but not on succinate [82] . Finally, using the specific inhibitors of OGDHC -SP and its triethyl ester, TESP (triethyl succinyl phosphonate) -the concentration-dependent decrease of the mitochondrial potential was observed upon glutamate stimulation in neuronal cultures [32] . All these data suggest significant control of the mitochondrial function by OGDHC, in particular under conditions of increasing energy demand, such as maximal heart work load, or neuronal stimulation by glutamate.
Cellular homoeostasis
Not only the respiration rate, but also its sensitivity to OGDHC inhibition, depend on the mitochondrial OGDHC activity. For instance, compared with cells overexpressing monoamine oxidase B, cells with normal levels of this enzyme displayed a 40 % higher OGDHC activity, which was accompanied by a 40 % 'spare OGDHC threshold capacity' -which is defined as the amount of enzyme which can be removed before compromising the rate of respiration [84] . This indicates that any deviation from the OGDHC activity level inherent in normal metabolism may restrict mitochondrial adaptability to changes in the intracellular milieu upon different types of cellular activities. This hypothesis is in good accordance with the documented association of a decrease in the brain OGDHC activity and neurodegenerative diseases [14] , which was also observed in a cellular model of Parkinson's disease [84] .
The role of OGDHC in glutamate-induced ROS production and excitotoxicity
In view of the in vitro studies showing that OGDHC inactivation occured with a certain ratio of the OGDHC substrates [29, 35, 39] , it was suggested that metabolic disbalance under pathological states provokes the OGDHC inactivation [15] . Therefore the OGDHC protection from inactivation could be of potential neuroprotective value. In vitro, the catalysis-associated inactivation could be alleviated, in particular, by the binding of the OG structural analogues to the first component of the complex, OGDH [85] . The synthetic OG analogue SP protected OGDHC from the inactivation at several orders of magnitude lower concentrations than the natural analogue malonate [68] . This protective effect on OGDHC of relatively low (10 −4 M) concentrations of SP is in line with the neuroprotective action of SP in a model of neurodegeneration induced by the glutamate overstimulation of cultivated neurons [68, 71] . Our analysis of available biochemical data [68] showed that overstimulation with glutamate should increase the OGDHC-dependent side reactions, i.e. production of ROS and associated enzyme inactivation. Indeed, neuronal ROS production is known to increase upon overstimulation with glutamate [86] . The OGDHC contribution to this process was demonstrated in the physiologically relevant mixed culture of neurons and astrocytes through the inhibition of the glutamate-induced neuronal ROS by the phosphonate analogues of OG [32] . Simultaneously with the reduction in ROS, the neurons loaded with SP became more resistant to other disturbances in cellular homoeostasis caused by glutamate, such as delayed Ca 2+ deregulation and irreversible mitochondrial depolarization [68, 71] . Thus application of specific effectors of OGDHC showed the critical role of OGDHC in the longknown association between the glutamate overstimulation and mitochondrial impairment [87] , explaining this association at the molecular level. That is, the OGDHC inhibition by phosphonates under conditions of the glutamate overstimulation decreases the OGDHC-dependent neuronal ROS production induced by glutamate. Concomitantly, the E1o inactivation by the thiyl radicals (see the section 'Catalytic and regulatory properties of OGDHC' above) is alleviated. As a result, propagation of the vicious cycle of metabolic disbalance arising secondary to the OGDHC inactivation under increased glutamate supply to the tricarboxylic acid cycle, is blocked. Thus application of the phosphonate analogues of OG facilitates the maintenance of neuronal homoeostasis upon glutamate overstimulation. In pyrithiamine-treated animals, a decrease in the brain OGDHC activity was associated with an increase in the extracellular glutamate within the vulnerable brain regions, suggesting that glutamate excitotoxicity causes neuronal damage in these regions [74, 88, 89] . A recent study revealed a strong correlation between regional brain vulnerability in this model and early metabolic changes, establishing decreases in aspartate levels as a predictor for vulnerability [75] . These data are complementary to the expected metabolic consequences of the OGDHC inhibition and to perturbations in amino acid metabolism observed in neuronal culture treated with PESP and CESP [90] . A good coincidence in metabolic consequences of the OGDHC inhibition by different means (see also sections 'Correlation of OGDHC function and physiology in intact animals' and 'Genetic and proteomic evidence of the contribution of OGDHC to cellular networks' below) further supports specificity of the action of OGDHC inhibitors in vivo, as discussed in the section 'Developing inhibitors of OGDHC for in vivo studies' above. In the latter study, OGDHC inhibition in neurons was accompanied by an up-to-2-fold decrease in aspartate ( Figure 6A ). Several other amino acids, most consistently GABA (γ -aminobutyric acid) and alanine, showed a decrease in all these studies too [74, 90] ( Figure 6A ), probably a result of their transamination with the OG that accumulated on OGDHC inhibition. The level of intraneuronal glutamate, however, did not show a statistically significant change under these conditions [90] , it being decreased rather than increased ( Figure 6A ). When considered alongside the increased extracellular glutamate observed in independent studies [88, 89] , no increase in glutamate inside neurons [90] suggests an elevated excretion of glutamate from the neurons upon OGDHC inhibition. This is consistent with the observed decrease in the intraneuronal pool of [4- 13 C]glutamate synthesized from [1-
13 C]glucose, which was also documented following phosphonate inhibition of OGDHC [90] .
Conditional consequences of OGDHC inhibition
It should be noted that significant inhibition of OGDHC, which induced the above-mentioned metabolic shifts in neuronal culture, required two-orders-of-magnitude-higher concentrations (10 −2 M) of the phosphonate analogues [90] compared with those used in the neuroprotective studies (10 −4 M) [68, 71, 91] . Obviously the metabolic consequences of the OGDHC inhibition may be different depending on the degree of inhibition as well as the conditions under which the inhibitors are applied. Glutamate excitotoxicity has been suggested to lead to an increased flux through OGDHC [68] as a consequence of calcium activation of both OGDHC [45] and glutamate import into the mitochondria [92] . Considering these phenomena, glutamate oxidation in the tricarboxylic acid cycle should be increased upon the incubation of neurons with glutamate, leading to their overstimulation. Mitochondrial hyperpolarization following provision of glutamate to neurons supports this hypothesis [86, 93] . Under these conditions the inhibitory action of the analogues corrects the flux perturbation and metabolic imbalance by inhibiting not only the excessive NADH production by OGDHC, but also its side reactions, such as the production of ROS and reactive intermediates that irreversibly inactivate E1o [35, 68, 85] . Thus low concentrations of phosphonates on the glutamate overstimulation provide a neuroprotective effect [68, 71] , whereas high concentrations of phosphonates inhibiting normal metabolism [90] may model the situation of the OGDHC activity decrease associated with neurodegeneration [14, 15] . Such biphasicity is often observed with agents affecting signalling and viability of complex biological systems. For instance, hydrogen peroxide acting through the p53 transcription factor elicits antioxidant gene expression at low concentrations, but prooxidant genes are expressed at high concentrations of hydrogen peroxide [94] .
Correlation of OGDHC function and physiology in intact animals
Pyrithiamine-treated rats were characterized by a decrease in OGDHC activity which was restored concomitantly with metabolic and behavioural changes following thiamine restoration [74, 76, 95, 96] . The motor deficiency of the pyrithiamine-treated animals correlated with the OGDHC impairment in the most vulnerable brain region -the submedial thalamic nucleus [97] . A decrease in aspartate in specific brain regions of the pyrithiamine-treated rats was demonstrated to be an early marker of regional vulnerability of the brain to the treatment [75] . Attribution of this decrease to OGDHC inhibition was confirmed by an independent study where a significant, up to 2-fold, decrease in neuronal aspartate levels was observed as a result of the OGDHC inhibition by the phosphonates ( Figure 6A ; [90] ). OGDHC inhibition is involved also in another hallmark of thiamine deficiency, namely the accumulation of glyoxylate and its derivative oxalate [44] . As discussed in the section 'Catalytic and regulatory properties of OGDHC' above, the E1o component of OGDHC may scavenge glyoxylate by catalysing the ThDP-dependent carboligase reaction between OG and glyoxylate [30, 31] . Inhibition of this reaction in the pyrithiaminetreated animals was shown [33] , suggesting its contribution to glyoxylate-induced damage, such as inactivation of several tricarboxylic-acid-cycle enzymes, including OGDHC [98] [99] [100] . Thus independent studies of different metabolic impairments in the pyrithiamine-treated rats document a leading role for OGDHC inactivation in the physiological consequences of pyrithiamineinduced thiamine deficiency.
The action of SP in animals has revealed the developmental impact of OGDHC activity [91] . That is, an intranasal supply of SP to pregnant rats leads to changes in biochemical, morphometric and physiological parameters in their offspring. Female offspring were characterized by increases in the total activity of OGDHC in cerebellum and cortex concomitantly with increasing the mass of these brain structures. Furthermore, both male and female offspring displayed altered electrocardiograms. Remarkably, the developmental changes induced by SP are similar to those induced by hypoxic treatment of pregnant rats [91] . This is in good accordance with the inhibition of the respiration expected under both conditions, given that OGDHC exerts significant control over this process (see the section 'Respiration and mitochondrial potential' above). Moreover, like SP inhibition (see the section 'Metabolic shifts following the in situ and in vivo inhibition of OGDHC' above and Figure 6a ), hypoxia is known to change the levels of amino acid neurotransmitters such as glutamate, GABA and aspartate [101] [102] [103] . Most interestingly, introduction of SP before the onset of hypoxia revealed an antagonistic relationship between the two insults, abolishing the changes observed upon independent application of either factors. Protection from hypoxia-induced changes, provided by the application of SP, may well be due to its neuroprotective action upon glutamate excitotoxicity [68, 71, 91] , as the latter process is known to greatly contribute to hypoxic damage [101] [102] [103] .
The developmental changes following application of the OGDHC inhibitor SP [91] are in good accordance with mutational studies, which revealed that non-functional OGDHC causes Figure 6 Heat maps representing the changes in relative metabolite levels of phosphonate-treated samples (A) Heat map comparing response of plant and neuronal tissue to application of CESP; all metabolites common to both data sets are displayed (data from [67] and [90] ). In both cases data were normalized with respect to the control mean. (B) Heat map showing the ten metabolites that were strongly correlated with changes in OG levels following application of phosphonate inhibitors to intact potato tubers (data from [67] ).
death during early stages of embryonic development [7, 9] . Moreover, even less severe impairments in OGDHC cannot be tolerated, resulting in death before adulthood [10] [11] [12] [13] . In view of the OGDHC control of brain glutamate metabolism, it seems reasonable to speculate that it is this control which provides for the intimate relationship between OGDHC activity and development of the central nervous system, where glutamate is known to regulate proliferation, migration and survival of both neuronal progenitors and immature neurons [104, 105] . This is further supported by the observation that defects in OGDHC are accompanied by a decreased number of neural progenitor cells in adult mice [106] .
OGDHC-DEPENDENT CONTROL OF MITOCHONDRIAL FUNCTIONS AND CELLULAR HOMOEOSTASIS IN PLANTS
Plant OGDHC plays an important role in the regulation of respiration
Incubation of potato (Solanum tuberosum) tuber discs, which form a useful model system for studying plant heterotrophic metabolism (see [107] for an explanation), was recently performed, in the presence and absence of the phosphonate inhibitors SP or CESP, in order to evaluate the importance of OGDHC in respiration [67] . The presence of either inhibitor markedly decreased the rate of respiration over the entire time course (4 h) of the experiment. However, inhibition was less strong following 3 h of incubation (∼ 30 %) than following 2 h of incubation (∼ 50 %). As a result, the respiratory burst, known to be imposed by wounding due to the tuber disc preparation [107, 108] , was dramatically slowed down by the OGDHC inhibitors. Given that another typical response to wounding is increased ROS production [109, 110] , it seems reasonable to speculate that the respiratory burst upon wounding is, at least in part, to meet the ROS production in wounded tissues. In this regard, our data on the respiratory burst inhibition by phosphonates suggest an OGDHC contribution to the stressinduced ROS in plant tissues similar to that observed in neurons (see the section 'The role of OGDHC in glutamate-induced ROS production and excitotoxicity' above).
Intriguingly the decreases in respiration following phosphonate inhibition of OGDHC [67] were far in excess of those previously reported following the transgenic inhibition of mitochondrial isoforms of malate dehydrogenase [111] , fumarase [112] , citrate synthase [113] and succinyl-CoA ligase [114] or the decreased activities of the NAD + -dependent isocitrate dehydrogenase [115] or aconitase [116] 14 C]acetate, at later stages of incubation the degree of inhibition was much higher in those samples incubated in [1,2- 14 C]acetate. This could be due to differences in the labelling distribution of the substrates. Alternatively, it could result from the isocitrate dehydrogenase inhibition induced by metabolic changes upon the OGDHC inhibition. Direct inhibition of the isocitrate dehydrogenase by the phosphonates was not shown to occur [67] .
Involvement of plant OGDHC in nitrate assimilation
The majority of attention regarding nitrate assimilation has been afforded to the reaction step catalysed by isocitrate dehydrogenase (for a review, see [23] ). However, the reactions catalysed by citrate synthase [113] and OGDHC have recently been considered [67] . Phosphonate inhibition of potato tuber OGDHC causes a clear inhibition in nitrate assimilation, as the tissue concentration of NO 3 − was elevated in the inhibitor-treated samples [67] . Application of a broad GC-MS-based metabolite profiling method [119, 120] allowed unprecedented characterization of the metabolic consequences of phosphonate inhibition (for details, see [67] ). Among the metabolic changes observed were the increases of the levels of several amino acids relative to that found in control incubations, including glutamate and GABA, which were likely to be due to increased transamination of accumulated OG. These increases in amino acid content in isolated tuber discs are consistent with the recent discovery that potato tuber has the entire complement of enzymic machinery for de novo amino acid biosynthesis [121, 122] . Perhaps more importantly, however, elevated content of these key indicators of nitrogen status may be responsible for inhibition of the nitrogen assimilation, providing a feasible explanation for elevated tissue NO 3 − .
Although multiple changes in metabolites were reported following inhibition of OGDHC, metabolites whose levels were significantly correlated with OG across the experiment ( Figure 6B ) further support a role for OGDHC in nitrate assimilation. In accordance with this role, the amino acids glutamate, glutamine and GABA were among the ten metabolites which displayed a tight association with the cellular level of OG (positive in the case of glutamate and GABA, but negative in the case of glutamine; Figure 6B ). This finding clearly implicates the importance of OGDHC for the juncture of the tricarboxylic acid cycle and nitrogen assimilation, adding to the longheld view that isocitrate dehydrogenase is the major regulatory step at the juncture [123] [124] [125] . When considered together, these studies thus suggest that activities of both enzymes, and by implication the mitochondrial transporter responsible for the transport of OG [126] , play a crucial role in nitrate assimilation. Importantly, comparison of these data with those obtained in a less extensive study in neuronal cultures revealed clear, cross-kingdom, commonality in the sensitivity of the levels of amino acids to the treatment with the phosphonate analogues ( Figure 6A ). Although a particular amino acid may either increase or decrease, which obviously depends on the type of assay (the whole tissue or inside the cells only) and the inhibition level (defined by the phosphonate concentration and/or time of treatment), the changes in the amino acid pools (Figure 6 ) clearly highlight the conserved importance of OGDHC for the juncture of the tricarboxylic acid cycle and nitrogen assimilation.
Involvement of plant OGDHC in other metabolic processes
Along with increases in the tissue levels of nitrate, glutamate, glutamine and OG, Araujo et al. [67] also documented significant positive correlations between the levels of OG and glutarate, methionine and succinate. By contrast, glucose, inositol, serine and malate showed a negative correlation with the OG levels. Furthermore, non-correlative increases in the levels of alanine were suggestive of a stimulation of fermentation. In order to substantiate the finding of a broader influence of OGDHC on primary metabolism, a range of isotope-labelling experiments were carried out. In the simplest of these, [U-14 C] glucose was fed to potato-tuber discs incubated in the presence or absence of the phosphonates [67] . This experiment revealed an overall depression of metabolism, as evidenced by the marked decrease in radiolabel uptake, as well as an especially high decrease in label redistribution to CO 2 and the cell-wall fraction. Interestingly, label redistribution to starch and sucrose showed complementary biphasic changes. That is, labelling in starch and sucrose was increased and decreased respectively at low concentrations of both SP and CESP, returning to the control levels upon increasing the inhibitors [67] . This phenomenon mimics the biphasic effects of OGDHC inhibition reported in animal systems (see the sections 'Conditional consequences of OGDHC inhibition' above and 'Physiological conditions inducing changes in the synthesis of the OGDHC components' below).
Two further experiments were carried out, namely the feeding of [
13 C]pyruvate and [ 13 C]glutamate, under the same conditions, in order to assess whether compensatory changes in flux through fermentation or the GABA shunt, do indeed occur following treatment with the inhibitors. In both instances this was shown to be the case, with particularly large increases in the fermentative flux. However, changes in the GABA shunt suggest that its upregulation helps to maintain succinate supply to the mitochondrial electron-transport chain. This finding, when taken together with those from previous studies, highlights the metabolic importance of the GABA shunt in plants [127] and is similar to findings observed following neuronal OGDHC inhibition [90] .
GENETIC AND PROTEOMIC EVIDENCE OF THE CONTRIBUTION OF OGDHC TO CELLULAR NETWORKS
Genetic impairment of the synthesis of OGDHC components has been studied in both bacteria [128, 129] and yeast [133] [134] [135] . However, in higher eukaryotes, few genetic studies have been documented to date. In animals, this is mainly due to the fact that the null mutants of the OGDHC components are non-viable [7, [9] [10] [11] [12] [13] Remarkably, in bacteria, a low constitutive expression of the E1o gene was also observed under all conditions, including anaerobiosis [133] , and disruption of the E1o gene adversely affected survival in stationary phase [128] . As yet no reports exists concerning the genetic manipulation of the enzyme in plants. However, for the sake of comprehensivness, we document below some of our own preliminary observations of the consequences that deficiency of its expression confer in these species.
Bacterial OGDHC
The expression of the OGDHC components in E. coli has been demonstrated to be strongly dependent on the availability of oxygen and on carbon source, being regulated by ArcA(B) (aerobic respiratory control 2-component system) and FNR (ferric nitrite reductase) transcription factors [133] [134] [135] . In particular, the expression of the E1o-coding sucA gene from the upstream sdhC promoter varied by up to 14-fold depending on the carbon substrate used, and displayed a 4-fold increase under aerobic conditions [133] . Expression of the E3 component also increased 5-fold upon aerobic growth, with 11-and 15-fold increases in the E3 expression observed respectively in the FNR and ArcAB deletion strains [134] . Although the terminal E3 component is common to all 2-oxo acid dehydrogenase complexes as well as the glycine decarboxylase system, bacterial OGDHC is known to bind E3 approx. 30-fold less efficiently than the pyruvate dehydrogenase complex [136] . Since the isolated complexes usually show a significant degree of saturation with the E3 component [51, 136] , a change in E3 expression would be expected to preferentially alter the activity of OGDHC above that of the pyruvate dehydrogenase complex.
The absence of a functional OGDHC changes the carbonsource-dependence of bacteria [129] and is usually considered in view of the biosynthetic/assimilatory role of the initial module of the tricarboxylic acid cycle which leads to accumulation of OG and glutamate [21, 22, [137] [138] [139] . In the facultative methylotroph Pseudomonas AM1, inactivation of E2o via mutation results in obligate methylotrophy, i.e. the mutant can only grow normally on C 1 compounds [129] . Interestingly, proteomic studies revealed that carbon limitation in E. coli leads to oxidative modification of several tricarboxylic-acid-cycle (E2o, aconitase, succinyl-CoA ligase, and malate dehydrogenases) and associated (pyruvate dehydrogenase) enzymes [140] . These changes may be employed, alongside the transcriptional changes described above, as an additional mechanism of switching off the tricarboxylic acid cycle via protein inactivation by post-translational oxidation.
The importance of the regulation of OGDHC in bacterial glutamate synthesis is underlined by the existence of a specific regulatory protein capable of increasing glutamate production in corynebacteria. Highly efficient binding of this protein to OGDHC inhibits oxidative decaboxylation of OG, with the strength of this interaction controlled through the inhibitor phosphorylation by the protein kinase PknG [139] . In view of these data, one may speculate that the recently discovered thiamine derivatives synthesized in E. coli in response to carbon or amino acid starvation, such as adenosine thiamine triphosphate or thiamine triphosphate [141, 142] , may act as alarmones by targeting OGDHC. Identification of an allosteric AMP-binding site in the ThDP-binding E1o of E. coli [57] supports this speculation by providing a structural basis for regulatory binding of the ligand (adenosine thiamine triphosphate) which comprises cross-linked ThDP and AMP moieties.
Although the lack of detectable OGDHC activity in a number of micro-organisms and fungi has often been considered as an evidence for their lacking a functional complex, previously obtained genome sequences and improved activity assays have indicated that many of these species do indeed possess OGDHC [128, 143] . Moreover, disruption of sucA in Nitrosomonas europaea, an autotrophic nitrifying bacterium which lacks measurable OGDHC activity, but possesses all the genes for synthesis of its component enzymes, affected survival upon changing conditions of stationary growth [128] . As mentioned above, a constitutive expression of the OGDHC components was also observed under anaerobic conditions in E. coli [133] . It is thus possible that OGDHC may participate in cellular network regulation under conditions which do not require OGDHCdependent energy production. For instance, OGDHC-dependent ROS and thiyl-radical generation regulated by thioredoxin (see the section 'Catalytic and regulatory properties of OGDHC' above) may well contribute to cellular signalling and redox-sensitive regulation of metabolism [35] . In particular, this function of OGDHC could explain the hitherto unclear connection between the E1o component and the presumably redox-sensitive ammonia mono-oxygenase in Nitrosomonas [128] .
Yeast OGDHC
Transcription of the OGDHC component genes is subject to common regulators in yeast (see [131] and references cited therein). The transcription regulatory proteins HAP 2 and HAP 3 activate the transcription of the genes for E1o, E2o and E3. In addition, the transcription is catabolite-repressed, with the higher levels of the mRNAs detected upon yeast growth on the non-repressible sugar galactose than on glucose. Mutants in the genes encoding the E1o and E2o components of yeast are respiration-deficient [130, 131] . They can grow on minimal medium containing glucose, but not on glycerol, as the sole carbon source. The same growth phenotype was inherent in still another yeast mutant of a nuclear gene most probably controlling the binding of E1o to the E2o core. This mutant was deficient in OGDHC activity owing to impaired assembly of the complex, although the level of the component expression and E2o lipoylation were normal [132] . The presence of a functional pyruvate dehydrogenase complex in the mutant strains excluded the possibility that the mutation might affect proteins or cofactors shared between the two complexes such as dihydrolipoamide dehydrogenase, lipoic acid, thiamine pyrophosphate and FAD. These observations thus suggest that a special protein is required for the correct integration of E1o into the complex in yeast.
Genetic manipulation was utilized to demonstrate that assembly of yeast OGDHC with native stoichiometry between the components requires a balanced expression levels of the first and second components. That is, overexpression of E2o relative to E1o results in a preponderance of incompletely assembled complexes with substoichiometric amounts of E1o [132] .
Animal OGDHC
Regulation of the OGDHC component expression
In animals, the genes coding for the OGDHC components, all nuclear, are not neighbouring, even when belonging to one chromosome (e.g., human E1o and E3 components). More often they are found on different chromosomes, and their co-regulated expression pattern is unknown. Regarding the first component of OGDHC, E1o, only the regulation of the gene on the seventh human chromosome, encoding the well-known (heart) isoform of the OGDH, has been studied. Glutamate increases the OGinduced up-regulation of the promoter activity of this gene, but is inactive alone. ThDP, thiamine and its analogues, dibutyryl cAMP, dexamethasone, lactate and tricarboxylic-acid-cycle intermediates, except OG, showed no effect on the transcription [144] . The brain isoform of E1o (tenth human chromosome) has only recently been discovered [145] and its gene regulation pattern is unknown. Human E2o gene (fourteenth chromosome) contains regulatory sequences resembling glucocorticoid-responsive and cAMP-responsive elements, and a binding site for a cellular transcription factor, Sp1 [146] . The human E3 gene (seventh chromosome) was also shown to possess the cAMP-response element-like site. Interestingly, with basal transcription of the human E3 promoter essentially dependent on CREB (cAMPresponse-element binding protein), no cAMP-dependent gene regulation was revealed [147] .
Physiological consequences of the decreased synthesis of the OGDHC components in animals
As noted above, null mutants of the E2o and E3 components of OGDHC lead to non-viable organisms. By day 5 of embryonic development, the phenotype of the zebrafish E2o-null mutant was characterized by a narrow pointy head, slightly smaller eyes, a ventrally jutting jaw and a slightly underdeveloped gut [7] . The defects in the head suggest an impaired development of ectoderm-generated nervous tissue, in line with previous findings that associated neurological symptoms with genetic deficiencies in OGDHC activity [10] [11] [12] [13] . In E3-null mutant mice the situation is considerably more complex, since all 2-oxo acid dehydrogenase complexes are affected. These organisms die prenatally, with the embryos ceasing to develop shortly after implantation, pointing to the requirement of E3 during the perigastrulation period [9] . Despite the fact that E3 is included in all of the 2-oxo acid dehydrogenase complexes, an E3 mutation in humans was identified that specifically impairs OGDHC activity [12, 13] . This is obviously the consequence of the known differences in the binding sites of E3 in the different complexes. In particular, mammalian OGDH binds E3 through the E1o component [148] , whereas the pyruvate dehydrogenase complex includes a specific E3-binding protein, albeit one that is structurally homologous with E2p [149] . As discussed above, the differences in the affinity of different complexes to the common E3 component [136] may also contribute to the complex-specific regulation by the E3 expression. Moreover, the brain-specific expression of the E1o isoform correlates with the decreased amount of the E3 component in the brain OGDHC, which points to the possibility of tissue-specific regulation of the E3 expression and binding to OGDHC [145] .
Heterozygous mutant mice exhibiting genetic lesions in E2o or E3 [106, 150] displayed increased lipid peroxidation, which was accompanied with a specific decrease in the number of immature neurons in the hippocampal dentate gyrus, but not in the subventricular neurogenic zone. The mutants also exhibited less resistance to lesions induced by mitochondrial toxins [150] . These data must be interpreted with caution, since one may expect multiple pleiotropic changes in the heterozygous mutants. Besides, the properties of the E3 knockout cannot be specifically attributed to OGDHC, since the E3 component is common to the pyruvate, OG and branched chain 2-oxo acid dehydrogenase complexes, as well as to the glycine decarboxylase system. However, that study shows that the mitochondrial defects, including those in OGDHC (E2o mutant) can reduce adult neurogenesis.
Cellular levels of E2o were also decreased in human embryonic cells via transfection with an antisense expression vector [151] . This transformation reduced cellular growth under standard conditions and increased both ROS levels and cell death following the application of hydrogen peroxide. Remarkably, a severe (∼ 70 %) decrease in E2o induced a compensatory increase (∼ 40 %) in the cellular synthesis of the E1o component. However, despite restoration of the OGDHC activity, cellular competence was not fully recovered, suggesting that the perturbed ratio of the complex components negatively affects cellular functions. The increased concentration of the non-bound E1o could be damaging, either in itself or owing to the stimulation of E1o-catalysed side reactions [15] . For instance, accumulation of extramitochondrial E2o due to its impaired degradation may give rise to anti-E2o antibodies produced in primary biliary cirrhosis [152] . In addition, the OGDHC-transmitted signalling through the substrate-and thioredoxin-dependent ROS generation [35] could be perturbed. Finally, mammalian E2o could conceivably be involved in several functions beyond those fulfilled in OGDHC. In keeping with this hypothesis, a truncated E2o, localized to the intermembrane space of mitochondria, appears to be involved in the biogenesis of the brain mitochondrial respiratory complexes [153] , and a polypeptide derived from E2o was found in the plasma membrane of skeletal muscle [154] . The existence of the extramitochondrial E2o provides a rationale for an ubiquitin-dependent pathway of E2o degradation in the cytoplasm [152] .
Physiological conditions inducing changes in the synthesis of the OGDHC components
Comparative analysis of the protein and/or its mRNA level may reveal metabolic conditions under which expression of the OGDHC components is altered, providing hints for the role of OGDHC in cellular adaptation. A 3-fold increase in the protein content of the E1o component of OGDHC was observed in liver mitochondria of rats exposed to ethanol [155] . Given that chronic alcohol consumption in rats is known to decrease OGDHC activity [156] , the observation of increased protein levels of the rate-limiting component E1o [155] may well represent a compensatory response of a cell to the overall decrease in OGDHC activity. The same type of cellular compensatory response was documented under circumstances in which cellular E2o synthesis was decreased [151] . Further evidence for this compensation was provided by reverse-transcription-PCR assays, which were performed in order to define the spatiotemporal specificity of OGDHC component expression in response to pyrithiamine treatment in the rat model of thiamine deficiency [97] . A significant decrease in OGDHC activity at a late stage of treatment was accompanied by a decrease in the mRNAs of all components of the complex. Such a down-regulation in protein synthesis could conceivably be envisaged as a result of an energy deficit, especially because the decrease in both the OGDHC activity and mRNA levels was substantially less in non-vulnerable (cortex) than vulnerable (submedial thalamic nucleus) regions. However, prior to the abovementioned pronounced decreases in mRNA levels and protein activities, the cortex, in contrast with the submedial thalamic nucleus, displayed a 25 % increase in the E1o component mRNA [97] . On the basis of these results we suggest that there is a more efficient compensatory ability in the cortex as opposed to the submedial thalamic nucleus, which may underlie a greater resistance of the cortex to OGDHC inhibition.
The abundance of the E2o component of OGDHC was increased 2-fold in hearts of exercise-trained rats [157] , a finding in good accordance with the expected increase of general physiological capacity afforded by such a challenge. In the brains of pyrithiamine-treated animals, mRNA for the E2o component revealed no statistically significant changes in the non-vulnerable cortex, but was decreased in the vulnerable submedial thalamic nucleus.
Potassium deficiency has been reported to lead to a 2-fold increase in E3 levels in skeletal muscle [158] . Similar to the situations documented above, such an increase may represent a compensatory response aimed at ameliorating the decreased OGDHC activity, since potassium is known to stabilize the binding of ThDP to E1o [80] . That said, potassium performs a similar function in E1p [159] and, as noted above, increased expression of the terminal E3 component, which is common to all of the 2-oxo acid dehydrogenase complexes as well as the glycine decarboxylase complex, may affect the four systems. Interestingly, during pyrithiamine treatment, E3 mRNA in the non-vulnerable cortex was initially decreased and then increased, whereas in the vulnerable submedial thalamus the opposite changes in the E3 mRNA abundance were detected [97] . Thus, although E3 does not limit the rate of the overall reaction under saturating substrates in vitro [26] , its expression is subject to regulation under conditions potentially decreasing the in vivo OGDHC activity. In this regard it must be stressed that cellular adaptations by regulation of E3 synthesis might be due to regulation of not only the NADH production, but also the associated side reactions of E3 within the 2-oxo acid dehydrogenase complexes [15, 35] . In particular, a diminished E3 content of the complex may decrease the ROS-producing activity of OGDHC [29] . So far, decreased expression of E3 observed at an initial stage of the pyrithiamine treatment in non-vulnerable cortex, but not in vulnerable submedial thalamus (see above), may be providing for cellular resistance to metabolic imbalance concomitant with the increased expression of E1o component.
Plant OGDHC
Surprisingly, given the fact that a multitude of studies in Arabidopsis, tomato and tobacco have been reported for other enzymes of the tricarboxylic acid cycle (see [112, 160, 161] for an overview), as yet there are no reports of studies employing mutagenic or transgenic approaches to genetically manipulate the activity of OGDHC. That said, surveying insertional populations of the model plant A. thaliana (http://www.arabidopsis.org/ portals/mutants/worldwide.jsp) revealed the presence of a number of mutants in all subunits. Although detailed molecular characterization of the majority of these has not yet been carried out, we can state that null mutants of the E1o subunit of Arabidopsis OGDHC are viable (A. Nunes-Nesi, M. Lehmann and A. R. Fernie, unpublished work), and transgenic tomato plants inhibited in the expression of E1o subunit and exhibiting a reduction in OGDHC activity down to 35 % of wild-type levels have also been recovered (W. Araujo, A. Nunes-Nesi and A. R. Fernie, unpublished work). In both species the deficiency in expression and consequently in activity of OGDHC did not result in dramatic phenotypic changes. However, it is important to note that the level of analysis has only been cursory to date and is by no means satisfactory to exclude an important role of OGDHC in plant development and performance. It is interesting that the two genes for the E1o component, which have been recently revealed to code for the E1o isoforms in animals [145] , are also found in Arabidopsis by Blast searches (AT5G65750 and AT3G55410). However, in view of the essential role of the well-known isoform of E1o in humans [10] , this redundancy is unlikely to explain the modest effects of knocking down only one of these two genes for E1o in plants.
Despite the lack of direct genetic studies on OGDHC the wealth of data accumulating from proteomic, transcriptomic and metabolomic research affords us a range of interesting observations hinting towards an important role for the plant enzyme under a range of conditions [41, 42, [163] [164] [165] [166] . Although very few studies have been focused towards modification of this enzyme under altered respiratory demand, plants exposed to various genetic or environmental perturbations have variously indicated important roles for OG and, by implication the OGDHC, in ammonium assimilation [23, 163, 164, 166] , gibberellin biosynthesis [167] and flavonoid and glucosinolate formation [168, 169] . The metabolomic analysis following inhibition of plant OGDHC detailed in the section 'Involvement of plant OGDHC in nitrate assimilation' above is in close support of the studies for ammonium assimilation, but was not extensive enough to cover its proposed role in fueling and/or regulating biosynthesis of secondary metabolites.
Previous studies have additionally shown that the plant OGDHC is an early target of oxidative stress [162] and, in particular, by the cytotoxic lipid peroxidation product 4-hydroxynonen-2-al [170] , and that the levels of OG rapidly increase on chemical inhibition of complex 1 [171] . Moreover, the incubation of leaf discs in dithiothreitol resulted in the depletion of the levels of organic acids in the upstream part of the tricarboxylic acid cycle from OGDHC and an accumulation of those downstream of the reaction catalysed by the complex [165] . The final study is in close accordance both with studies in mammalian and bacterial systems which revealed OGDHC to be regulated by cellular SH/-S-S and thioredoxin [35, 39, 40, 172] and with the identification of the E2o subunit of the OGDHC in a proteomic survey that catalogues plant mitochondrial proteins capable of reacting with thioredoxins [41, 42] . Detailed study of the recently isolated genotypes, displaying deficient expression of components of the OGDHC, will probably prove a highly effective means both to directly quantify importance of this enzyme within all of the processes defined above and even possibly to identify new functions of the complex in plants.
CONCLUSIONS
OGDHC has been observed to control respiration in several plant and animal systems, especially under conditions of increased energy demand. However, increased flux through OGDHC without appropriate elevation of its terminal substrate, NAD + , may stimulate OGDHC-dependent ROS production from OG. This side reaction may signal a metabolic imbalance, further deteriorating homoeostasis when the condition persists. The states in which OGDHC-dependent ROS may contribute to cellular signalling and/or damage can be revealed by decreasing the ROS production using specific inhibitors of OGDHC such as the phosphonate analogues of OG in vivo. This approach has established the OGDHC contribution to the glutamate-induced ROS in neurons and to the wound-associated respiratory burst in plants. Another biologically relevant side reaction of OGDHC is the carboligase activity of its first thiamine-dependent component, which appears to be involved in glyoxylate scavenging.
Changes in cellular and tissue activity of OGDHC within a physiological range of conditions are met by complex metabolic regulation of OGDHC by its multiple cofactors, substrates and products, as well as allosteric regulators, not involved in the reaction, such as ADP or AMP and Ca 2+ . However, in the case of OGDHC impairments or upon metabolic switches (such as that to aerobic metabolism), biological systems elicit compensatory responses involving changes in expression of the OGDHC components. Expression of the first component, the thiamine-dependent OGDH, which limits the overall rate of OGDHC catalysis, is often increased under conditions causing OGDHC inactivation. Regulation of the expression of the terminal component, dihydrolipoyl dehydrogenase, may be an important mechanism by which to adjust the ROS-generating activity of OGDHC.
Upon the OGDHC block, the tricarboxylic acid cycle can be restored by a compensatory increased activity of the GABA shunt. However, such restoration causes significant shifts in cellular pools of amino acids. Moreover, the shunting cannot restore the calcium regulation of mitochondrial metabolism in animals, where OGDHC degrades the neurotransmitter precursor OG in a calcium-dependent manner. The OGDHC-dependent disturbances in calcium signalling and glutamate metabolism are obviously responsible for the defective development of the neural system and early death of the OGDHC mutants in animals, and for the association of the acquired OGDHC impairments with neurodegeneration. Plants do not possess the animal-like nervous system, nor the neurotransmission. The viability of the plant mutants of OGDHC therefore supports the idea that it is the essential connection between OGDHC, calcium and glutamate-dependent processes in the function and development of nervous tissue, which makes this complex indispensable for animal viability, but not for aerobic metabolism per se. Although these factors highlight the differences between the particular roles for the OGDHC reaction in species-specific networks, there are a great number of commonalities at the structural, enzymatic, regulatory and functional levels. The increasing abundance of mutants and the recent adoption of phosphonate analogues of OG will promote future development of the ideas outlined in the present review by a cross-kingdom comparison of the OGDHC networking through precise comparative experiments.
